Objectives To evaluate cartilage repair and native tissue using a three-dimensional (3D), radial, ultra-short echo time (UTE) 23 Na MR sequence without and with an inversion recovery (IR) preparation pulse for fluid suppression at 7 Tesla (T). Methods This study had institutional review board approval. We recruited 11 consecutive patients (41.5±11.8 years) from an orthopaedic surgery practice who had undergone a knee cartilage restoration procedure. The subjects were examined postoperatively (median026 weeks) with 7-T MRI using: proton-T2 (TR/TE03,000 ms/60 ms); sodium UTE (TR/TE0100 ms/0.4 ms); fluid-suppressed, sodium UTE adiabatic IR. 
Introduction
Over the last two decades, there has been remarkable progress in the field of cartilage restoration procedures. Focal cartilage defects that were once considered permanent are now amenable to treatment with a variety of surgical options, including microfracture, osteochondral autografting/allografting and matrix-assisted autologous chondrocyte implantation [1] . Magnetic resonance imaging (MRI) plays an important role in assessing the surgical outcome and status of the cartilage repair tissue. The morphology of the repair tissue can be evaluated, as well as its integration with adjacent native cartilage [2] [3] [4] . Beyond evaluation of morphology, biochemical imaging techniques permit evaluation of native and repair tissue collagen and proteoglycan content [5] [6] [7] [8] [9] [10] . These techniques include markers for collagen, such as T2 mapping [11] , and markers for proteoglycans, such as T1rho mapping [12, 13] , delayed gadolinium-enhanced MRI of cartilage (dGEMRIC) [14] , glycosaminoglycan chemical exchange saturation transfer (gagCEST) [9, 15] , and sodium MRI [8, 12, 16, 17] .
Sodium MRI is considered a reasonable reference standard for cartilage proteoglycan content. Because of the negative fixed-charged density imparted to the cartilage extracellular matrix by sulphate and carboxyl groups of glycosaminoglycans, sodium content is directly proportional to glycosaminoglycan content [18] . In addition, sodium does not require the use of exogenous contrast agent. It does, however, require radiofrequency coils tuned to the sodium Larmor frequency (11.27 MHz/T).
One challenge to the performance of sodium MRI of cartilage is that sodium is present both within cartilage (bound sodium, [Na + ]0250-300 mM) and within synovial fluid (free sodium, [Na + ]0140-150 mM). Quantitative assessment of sodium within cartilage tissue alone could therefore be rendered difficult or inaccurate secondary to the presence of synovial fluid at the cartilage surface or within cartilage fissures. In the case of native cartilage, sodium concentration may be underestimated. In the case of cartilage repair tissue, sodium concentration may be overestimated if the repair tissue has sodium concentration less than 140-150 mM.
Recently, it has been reported by Madelin et al. [19] that a fluid-suppressed, adiabatic inversion recovery (IR) pulse sequence at 7 Tesla (T) can distinguish between these two pools of sodium based on differences in their T1 relaxation times. The goal of this study was to perform the first clinical application of fluid-suppressed sodium IR imaging by using it in the postoperative assessment of cartilage repair patients from an orthopaedic surgery practice. We compared this sequence with: (1) the conventional three-dimensional (3D) radial ultrashort echo time (UTE) sodium MR pulse sequence without IR at 7 T and (2) fluid-sensitive, proton T2-weighted imaging at 7 T.
Materials and methods

Subjects
This study had institutional review board approval and written informed consent was obtained. From an orthopaedic surgery practice, we recruited 11 consecutive patients who had undergone cartilage restoration procedures (mean age 41.5 ± 11.8 years; ten males, one female). Table 1 
MRI
The entire affected knee of each subject was examined on a commercially available 7-T whole-body MR system (Magnetom, Siemens, Erlangen, Germany). Two different coils were used for the sodium and proton imaging. For sodium imaging, we used a quadrature birdcage transmit-receive coil 18 cm in diameter (Rapid MR International, Columbus, OH, USA) tuned to the sodium frequency at 7 T (78.6 MHz). For the sodium data acquisition, we used a 3D radial UTE pulse sequence (TR/TE0 100 ms/0.4 ms, 10,000 projections, 128 points/projection, FOV020 cm×20 cm×20 cm). For the inversion recovery preparation pulse, we used an adiabatic wide-band uniform rate and smooth transition (WURST) pulse. Although a rectangular pulse has been used for sodium inversion recovery imaging in the brain [20] , adiabatic preparation pulses are robust towards B 1 and B 0 field heterogeneity (which can be problematic at 7 T) and have been shown to be better than a rectangular pulse for suppression of signal from sodium within free fluid [19] . Data acquisition times for the sequences without and with inversion recovery preparation were 17 min 40 s and 21 min, respectively.
For proton imaging, we used a birdcage-transmit, 28 channel-receive knee coil, 18 cm in diameter (Quality Electrodynamics, Mayfield Village, OH, USA). We examined patients using a fat-suppressed, fluid-sensitive, 2D T2-weighted MR sequence (TR/TE03,000 ms/60 ms, FOV0 14 cm, matrix0256×256 pixels, slice thickness02 mm, gap size00.5 mm, acquisition time06 min 29 s).
Morphology of cartilage repair tissue
Using proton T2-weighted images, we evaluated the morphological characteristics of cartilage repair tissue using criteria defined by previous studies [3, 21] . These criteria included: degree of defect repair and filling of defect (complete, hypertrophy, incomplete [>50%, <50%, subchondral bone exposed]); integration to border zone (complete, incomplete [demarcating border visible, defect visible]); surface of repair tissue (intact, damaged); structure of repair tissue (homogeneous, heterogeneous); signal intensity of repair tissue (isointense, moderately hyperintense, markedly hyperintense). The generation of sodium concentration maps and calculation of [Na + ] was performed as previously described [19] . In brief, all patients were examined with the same set of calibration phantoms placed adjacent to the patella within the field of view. Sodium concentration was then calculated in MATLAB (Natick, MA, USA) as follows: regions of interest (ROIs) were drawn in four calibration phantoms (150, 200, 250 and 300 mM NaCl) and their average signal intensities were corrected for T1, T2 short and T2 long of the gels as described in Madelin et al. [19] . Another ROI was drawn in the noise area and the mean value of the noise was used as a 0-mM sodium concentration phantom. A linear regression curve of these corrected phantom intensities and noise versus sodium concentrations was then calculated and used to extrapolate the sodium 3D maps of the whole sample.
Generation of [Na
For a better estimation of [Na + ] in cartilage in vivo, after the regression curve calculation from the gel signals, but before extrapolation of the images to sodium maps, the images were also corrected for the T1, T2 short and T2 long of cartilage measured in vivo [22] . As 75% of the volume in cartilage is extracellular and composed of water, and sodium ions are mainly present in this space, the sodium maps were divided by 0.75 in order to get the real sodium concentration [23, 24] . Less than 5% of the cartilage volume is composed of cells [25] and the intracellular sodium concentration, estimated to be around 5-10 mM, is considered negligible in this study.
From sodium concentration maps, three regions of interest were drawn in:
1. The cartilage repair tissue 2. The native cartilage adjacent to the site of cartilage repair 3. Native cartilage within a different knee compartment not involved in surgery
The locations of the ROIs were drawn under the guidance of a musculoskeletal radiologist and based on the T2-weighted proton images. The size of the ROI for the cartilage repair tissue was drawn to encompass the entire area of the repair. The size of the ROI for the native cartilage tissue was the same as that of the repair tissue for a given patient. If the repair location was within the patella or femoral trochlea, the medial or lateral knee compartment on the opposite side of the lesion was chosen as the non-surgical knee compartment. In order to ensure that identical ROIs were drawn on sodium inversion recovery and noninversion recovery datasets, ROIs drawn on one dataset were automatically propagated by MATLAB onto the other dataset.
Reproducibility study
The root mean square coefficient of variation (RMS-CV) of Na MRI for quantification of cartilage sodium concentration at both 3 T and 7 T is reported to be in the range of 7.5-13.6% [26] . This range is similar to that of proton MRI techniques for quantitative assessment of biochemical cartilage composition, such as T2 mapping (3-29%) and T1rho (7-19%) [27, 28] . Similar to these previous studies, we also conducted a reproducibility study by performing MRI on three subjects twice within 1 day and once 1 week later to assess RMS-CV.
Statistical analysis
Statistical analysis was performed using SPSS 16.0 (Somers, NY, USA). We used a two-tailed paired t-test (with P <0.05 as significant) to compare cartilage sodium concentration within: Na concentration maps at 7 T Figures 1, 2, 3, 4 show representative 7-T proton and sodium maps (without and with inversion recovery) from four patients with different types of cartilage repair procedures, including: an osteochondral allograft (Fig. 1) , an osteochondral autograft (Fig. 2) , re-attachment of a displaced osteochondral fragment (Fig. 3) and synthetic resorbable graft placement (Fig. 4) . In every case, on the proton images (left panels), synovial fluid is seen either at the cartilage surface or insinuating within cartilage fissures (arrows). For conventional sodium maps (middle panels), signal from free sodium within synovial fluid is present (arrows). Finally, on sodium IR maps (right panels), there is suppression of the signal from free sodium within synovial fluid, as well as blood vessels (arrows).
Cartilage sodium concentration without and with inversion recovery magnetisation preparation Table 2 provides sodium concentrations calculated from conventional and IR images for repair tissue, adjacent native Na concentration map (middle panel), hyperintense signal is seen from synovial fluid at the articular surface (arrows) and to a lesser extent in a subchondral location at the repair site (arrowhead). On the sodium concentration map generated from 23 Na-IR MRI (right panel), there is suppression of signal from free sodium within synovial fluid (arrows) and also in the subchondral location (arrowhead). The sodium images represent concentration maps with coloured bars indicating range of [Na + ] in mM (red0600 mM, blue00 mM). The larger apparent joint space size on sodium maps compared with proton images is likely due to partial volume averaging from the lower resolution of the sodium maps (2 mm×2 mm×2 mm vs 0.546 mm×0.546 mm×2 mm) cartilage within the same compartment, and native cartilage from a different compartment not involved in surgery. Figure 5a illustrates the relationships between sodium concentrations for repair tissue and adjacent native tissue for each patient as measured on conventional and IR images.
A Figure 5b illustrates the relationships between sodium concentrations for native cartilage tissue adjacent to the repair tissue compared with native tissue within a different, non-surgical compartment for each patient as measured on conventional and IR images. A statistically significant decrease in sodium concentration within native cartilage within the surgical compartment compared with native cartilage within the non-surgical compartment was identified on IR images only.
On the conventional sodium maps, mean sodium concentrations within native tissue within the surgical and nonsurgical compartments were 170.1±40.7 mM and 172.2± 30.2 mM, respectively (P00.89). On sodium IR maps, mean sodium concentrations within native tissue within the surgical and non-surgical compartments were 204.6±34.7 mM and 249.8±44.6 mM, respectively (P00.015).
The RMS-CVs for the measurement of cartilage sodium concentration using conventional and inversion recovery imaging were 7.9% and 4.7%, respectively. 
Discussion
In summary, we have applied a fluid-suppressed, sodium IR pulse sequence at 7 T to evaluate cartilage repair patients postoperatively. This sequence suppresses the signal from free sodium within synovial fluid in the same manner as when fluid-attenuated inversion recovery (FLAIR) is used in brain imaging to suppress signal from mobile free water protons in cerebrospinal fluid. As a result, it is feasible to quantitatively assess the sodium signal from within cartilage tissue alone. In this study of cartilage repair patients, use of this sodium IR sequence allowed statistically significant decreases in sodium concentration to become detectable in: (1) cartilage repair tissue compared with adjacent native cartilage tissue and (2) adjacent native cartilage tissue compared with native cartilage tissue within a different knee compartment not involved in surgery. Without the use of the IR sequence, these statistically significant differences were not detectable. As the number of surgical options for the treatment of focal cartilage defects has increased [1] , there has been (red0600 mM, blue00 mM) . The larger apparent joint space size on sodium maps compared with the proton images is likely due to partial volume averaging from the lower resolution of the sodium maps (2 mm×2 mm×2 mm vs 0.546 mm×0.546 mm×2 mm) increasing interest in non-invasive imaging techniques to assess the quality of cartilage repair tissue and surgical outcomes [2] . Numerous previous studies have demonstrated the ability of biochemical MR imaging techniques (T2 mapping, dGEMRIC, gagCEST, sodium MRI) to distinguish cartilage repair tissue from native tissue [5, [7] [8] [9] 29] . In this study, statistically significant relationships between repair tissue and native tissue and between native tissue within different compartments were detectable only when the sodium IR pulse sequence was used. The finding that repair tissue mean [Na + ] was lower than that of adjacent native cartilage tissue is consistent with the results of previously published studies. In these studies, regardless of type of procedure or whether imaging was performed by dGEMRIC [10] , sodium MRI [8, 9] or gagC-EST [9] , these studies showed that repair tissue proteoglycan content is decreased compared with native cartilage tissue. (It should be noted that prior studies of sodium MRI [8, 9] evaluated sodium signal intensity only, rather than sodium concentration as in this study; however, the conclusions are the same.)
The finding that native cartilage tissue within the injury/ surgical compartment has lower [Na + ] compared with native cartilage tissue within the non-surgical compartment has, to the best of our knowledge, not been described before. However, this is consistent with ex vivo studies demonstrating that trauma to the articular surface results in: (1) proteoglycan release from the cartilage matrix [30] and (2) a gradient of chondrocyte damage along the cartilage surface extending from the site of osteochondral injury outwards, with non-viable chondrocytes at the site injury and greater numbers of viable chondrocytes further from the injury site [31] .
For the sodium data acquisition, we used a 3D radial UTE sequence. Bound sodium has a bi-exponential T2 decay with a fast component of 0.5-8 ms and a slow component of 15-30 ms, which account for approximately 60% and 40% of the sodium signal, respectively [32] . The Fig. 5 use of a UTE sequence will, therefore, decrease T2* signal loss. The 3D radial sequence is well suited for short TE imaging as no slice selection pulse is required, thus minimising the delay between excitation and data acquisition. In addition, the k-space trajectory begins at the origin of k-space, allowing efficient sampling of low-frequency, high-amplitude data. Finally, for magnetisation preparation, we used an adiabatic inversion recovery pulse, which has been shown to be better than a rectangular inversion recovery pulse for fluid-suppressed sodium imaging at 7 T [19] .
This study has limitations. First, this is a preliminary study with a low number of patients. However, as an initial demonstration of feasibility, the number of subjects was enough to demonstrate statistical significance. Second, patients had a variety of cartilage repair procedures, which influenced the type of repair tissue generated, and thus the repair tissue sodium concentration. Related to this, there may also be heterogeneity in sodium concentration within the repair tissue itself (as suggested by standard deviations shown in Table 2 ) due to the variation in type of surgery, whether any degeneration is present, and the maturity/stage of the repair tissue. We note, however, that we recruited consecutive patients in order to more accurately reflect the clinical reality of an orthopaedic surgery practice that performs different types of surgeries and sends these patients for imaging assessment. Furthermore, the presence of different types and locations of cartilage repair procedures, if anything, would make statistically significant differences more difficult to detect. Third, we do not have clinical, surgical, or non-MR imaging correlation with the results. In the future, it would be interesting to know if the findings correlate with clinical symptoms or with cartilage morphology evaluated on arthroscopy or other imaging techniques. Finally, ROIs to assess the sodium concentrations were drawn manually. Even though some repair sites were as small as 10 mm, the ROIs on the non-inversion recovery and inversion recovery images were identical, as they were automatically propagated by MATLAB from one dataset onto the other.
In conclusion, we performed 7-T sodium MRI of cartilagerepair patients both with and without an inversion recovery preparation pulse for suppression of sodium signal from free fluid. In this preliminary study, the use of a fluid-suppressed, adiabatic inversion recovery pulse sequence allowed significant differences in sodium concentration between cartilage repair and native tissue and among native tissue within different compartments to become detectable. Future studies will be needed with larger patient populations in order to determine the clinical utility of this technique.
Given the increase in volume and types of cartilage restoration procedures being performed, this technique may facilitate the more accurate assessment of cartilage repair tissue quality and the efficacies of different procedures.
This technique could also be applied to the evaluation of cartilage biochemical composition in degenerative osteoarthritis or arthroses in which a metric of cartilage proteoglycan concentration is desired.
